The electrical impedance measured during radiofrequency cardiac ablation (RFCA) is widely used in clinical studies to predict the heating evolution and hence the success of the procedure. We hypothesized that a model based on three resistors in series can mimic the total electrical impedance measured during RFCA. The three resistors or impedances are given by: impedance associated with the tissue around the active electrode (myocardium and circulating blood) (Z-A), that associated with the tissue around the dispersive electrode (Z-DE) and that associated with the rest of the body (Z-B). Our objective was to quantify the values associated with these three impedance types by an analytical method, after which the values obtained would be compared to those estimated from clinical data from previous studies. The results suggest that an RFCA using a 7 Fr 4-mm electrode would give a Z-A of around 75 ohms, a Z-DE around 20 ohms, and Z-B would be 15±10 ohms (for body surface area variations between 1.5 and 2.5 m^2). Finally, adaptations of the proposed model were used to explain the results of previous clinical studies using a different electrode arrangement, such as in bipolar ablation of the ventricular septum.
INTRODUCTION
Radiofrequency (RF) cardiac ablation (RFCA) is a procedure employed to eliminate cardiac arrhythmias [1] . An electrode placed at the tip of a percutaneous catheter is used to identify the target and then RF voltage is applied between this (active) electrode and a large patch (dispersive, indifferent or return electrode) placed on the patient`s skin. The applied voltage produces an electrical current between both electrodes (Fig. 1) . The very high electrical current density in the tissue in contact with the active electrode causes localized necrosis by electrocoagulation. This is really a monopolar electrosurgical procedure in the form of electrocoagulation based on a high value of electrical current (1-2 A), low voltage (<200 V) and good contact between the active electrode and tissue, which means low electrical impedance (Z). From a macro point of view, the Z measured during RFCA is the ratio between the applied voltage and flowing current. From a micro point of view, Z is the result of taking into account the values of the electrical resistivity () of each micro-portion of tissue through which electrical current passes. Consequently, the electrical resistivity (inverse of electrical conductivity, ) is a micro-type electrical characteristic, whereas the electrical impedance is macro-type. In *Address correspondence to this author at the Electronic Engineering Department (Building 7F), Universitat Politècnica de València, Camino de Vera, 46022 Valencia, Spain; Tel: 34963877607; Fax: 34963877609; E-mail: eberjano@eln.upv.es RF ablation, tissue can be considered as purely resistive, i.e. the capacitive component (e.g. due to the cell membranes) of the impedance is negligible compared to the resistive component, hence impedance and resistance are equivalent terms in this context. All this is also true for other ablation procedures, such as those conducted to treat tumors by focal RF ablation.
Previous modeling studies used numerical models (e.g. based on the Finite Element Method) to explore electrical and thermal behavior during RFCA [2] . In this approach, the physical domain of the model (electrodes and biological tissue) is divided into small elements in which the electrical Fig. (1) . In radiofrequency catheter ablation, electrical current flows between an active electrode and a dispersive electrode placed on the patient's skin.
(Laplace's equation) and thermal (bioheat equation) governing equations are solved [2] . By setting the electrical conductivity  for each small element, the numerical problem involves obtaining total impedance Z, which is the sum of the contributions of all the elements. This type of model is known in engineering circles as the distributed element model, as the attributes (e.g. electrical resistance) are distributed evenly throughout the material (biological tissue). In theory, all the elements are infinitely small and are electrically connected to each other in an ideal way, i.e. with no electrical resistance.
In contrast, the lumped element models widely used in engineering assume that the attributes are lumped in the domain. In the case of RFCA, a distributed model has the advantage of computing the distribution of electrical current throughout the biological tissue, which may not be uniform. The benefits of lumped element models consist of their simplicity and usefulness for teaching purposes. For the RFCA case, we hypothesized that a lumped element model based on three resistors in series could mimic the total electrical impedance measured during the process. The three resistors, or impedances, would be associated with (i) the tissue around the active electrode (myocardium and circulating blood), (ii) tissue around the dispersive electrode, and (iii) the rest of the body. Our objective was to quantify the values associated with these three types of impedance by an analytical method, after which the values obtained would be compared to others estimated from clinical data obtained from previous studies. We considered this model could be used to explain in a simple way the electrical and thermal behavior of specific arrangements in RFCA, such as using two dispersive electrodes, constant current instead of constant voltage, or a bipolar system.
ARRANGEMENT OF THE MODEL
By considering that the tissue has a homogeneous rectangular prism shape with an electrical resistivity, such as that shown in Fig. (2) , the impedance could be estimated as follows:
where L is the total length and A the (cross-section) area through which electrical current flows. Equation (1) shows an essential concept: the electrical resistivity  depends on the tissue type, while the impedance depends not only on electrical resistivity (i.e. tissue type) but also on the geometric parameters (length traveled by the current and the crosssection of the path). By taking the idea of the rectangular prism into account (which is obviously an oversimplification), we can assume that the tissue surrounding the active electrode can be divided into concentric spherical shells of identical thickness L and areas (A 1 <A 2 <A 3 ...) that increase with distance from the electrode (see Fig. 3 ). This graphical interpretation was proposed by Wittkampf and Nakagawa [3] . The area A through which electrical current flows can be called the effective area (cross-section) and the shells are in fact rectangular prisms. Then, using Equation (1) Fig. 3 ). Intuitively we can identify three zones comprised of prisms of different areas:
1. Tissue around the active electrode, which is associated with very small effective areas and hence contributes a high proportion of total impedance (Z A ).
2. Tissue of the body through which electrical current flows, at this level mainly through paths (well perfused organs and large vessels) [4] which offer little resistance, i.e. the effective areas are large (Z B ).
3. Tissue around the dispersive electrode which is associated with effective areas slightly smaller than those inside the body but much larger than those near the active electrode (Z DE ).
The identification of these three zones is thus used as the basis of the proposed three-resistor model, as shown in Fig.  (4) . The objective of this study was to somehow quantify the values associated with these three types of impedance (resistors), which was achieved by using data reported from previous RFCA clinical studies. As far as we are aware that this is the first three-resistors-in-series RF ablation model simulating the active electrode, body and dispersive electrode. We tried to estimate the three impedance values in two different ways: firstly by using analytical calculations and then indirectly from values reported in clinical studies.
ANALYTICAL ESTIMATE OF THE THREE RESIS-TOR VALUES

Resistance Associated with the Tissue Around the Active Electrode (ZA)
Ragheb et al. [5] proposed that the electrical impedance of a spherical monopolar electrode totally surrounded by a Fig. (2) . If we simplify and consider a homogeneous tissue with a shape of rectangular prism, the impedance measured by the RF generator is directly proportional to the length L of the tissue, directly proportional to the electrical resistivity , and inversely proportional to the area A through which electrical current flows (dashed arrow).
conducting medium (saline) is the series combination of two impedances: electrode-electrolyte interface impedance and the impedance of the medium itself. Their experimental results showed that the former is negligible for frequencies above 100 kHz, which means that for electrosurgical frequencies as used in RFCA (300 kHz-1 MHz) only the impedance of the medium need be considered as contributing to Z A .
In order to estimate the value of Z A of the model in the present study, we considered the case of a standard 7 Fr diameter and 4 mm long catheter electrode, comprised of a cylindrical prism with a semispherical tip and a total surface of 27 mm 2 . Although previous computer modeling studies have shown that current density near the active electrode is not homogeneous [6] , here we considered that the distribution is uniform and so assumed a spherical active electrode for the estimate. The radius of an effective area of 27 mm 2 of a spherical electrode is 1.47 mm. We also assumed the active electrode to be surrounded by a homogeneous medium. Under these conditions the impedance (resistance) can be estimated as follows [5] :
where a is the electrode radius. The electrical conductivity  of the tissues depends on several factors, but in the context of the RFCA temperature and tissue type can be considered the most significant. Tissue type has a strong influence on conductivity, e.g. fat (0.02 S/m) is much lower than cardiac tissue (0.6 S/m), and blood (0.8 S/m) [7] . Temperature is also important as conductivity normally increases by around +2%/ºC. Since heating is mainly confined to the tissue next to the active electrode, the variation in its conductivity is mostly responsible for the change in electrical impedance.
The relative position of the active electrode and cardiac wall in RFCA has two limiting cases: A) poor electrode contact with the cardiac wall, i.e. almost floating in the cardiac chamber and totally surrounded by blood; and B) firm electrode contact, i.e. completely inserted into the cardiac wall. Using Equation (2) with an electrode radius a = 1.47 mm gives a Z A estimate of 90 Ω in case B and 67 Ω in case A, i.e. a difference of 23 Ω.
The usual situation during RFCA is an active electrode partially inserted into the tissue with its surface partially in contact with the cardiac tissue and the remainder surrounded by circulating blood. The impedance associated with the tissue around the active electrode consequently ranged between 67 and 90 Ω. 5) shows a modification of the three-resistor electrical model in which the impedance associated with the active electrode is in fact the parallel association of two impedances, which correspond to the current passing through the tissue (Z A-tissue ) and that through the blood (Z A-blood ). Due to the high cooling power of circulating blood, only the tissue is heated and hence only Z A-tissue , varies during heating. Fig. (6) shows resistance variation during heating in a typical RFCA. It can be seen that the drop in impedance during RFCA (Z) is almost entirely due to variations in Z A-tissue .
If different areas of active electrode are considered, e.g. 2.5 and 8 mm long instead of 4 mm, the area will be around 18 mm 2 (equivalent to a 1.19 mm radius spherical electrode) and 57 mm 2 (equivalent to a 2.13 mm radius spherical electrode) respectively. As a consequence, Z A will be between 83 and 111 Ω for a 2.5 mm electrode and 46 and 62 Ω for an 8 mm electrode. In other words, using an 8-mm electrode instead of a 7-mm electrode would reduce Z A by between 21 and 28 Ω, according to the insertion depth of the active electrode into the tissue. Likewise, using a smaller electrode of 2.5 mm instead of 4-mm would increase Z A by between 16 and 21 Ω, according to the insertion depth.
Resistance Associated with the Tissue Next to the Dispersive Electrode (ZDE)
Dispersive electrodes with an effective area of around 150 cm 2 (also known as plates, patches, ground electrodes or reference electrodes) are normally used in monopolar electrosurgical procedures. Z DE impedance is due to the tissue in contact with the dispersive electrode, i.e. skin and muscle. Pearce [8] suggested values ranging between 2 and 40 Ω, according to electrode design and skin preparation.
The value of Z DE can be estimated analytically by using Yamamoto and Yamamoto's proposal [9] of dividing this impedance into two series resistances R k and R c so that Z DE will be the sum of R k + R c . The former is associated with the outer layer of the skin (keratin content) and can be modeled as: Fig. (5) . Modification of the three-resistor electrical model shown in Fig. (4) with a combination of two parallel resistors associated with the distal electrode: cardiac tissue impedance (Z A-tissue ) and blood impedance (Z A-blood ). Fig. (6) . Typical impedance evolution (thick line) during radiofrequency cardiac ablation. This impedance is the sum of a three-resistors-inseries combination: impedance associated with the dispersive electrode (Z DE ), that associated with the body (Z B ), and the parallel combination of cardiac tissue (Z A-tissue ) and blood impedance (Z A-blood ). Only Z A-tissue varies during the ablation, due to heating at the target, and hence the decrease of total impedance (Z) is exclusively due to this component.
where  k is the average tissue resistivity (10 2 Ωm at 500 kHz, Miklavcic et al. 2006) [10] , S is electrode area and d is the thickness of this layer (40 m). If a dispersive electrode area of 150 cm 2 is considered, then R k  0.25 Ω.
The latter, the so-called spreading resistance, is associated with deeper tissues and is calculated as the resistance between infinity and a circular plate electrode on a semiinfinite medium as follows [11] :
where  c is the average tissue resistivity and d is electrode diameter. A value of 3.3 Ωm was considered for  c , which has been reported for the low-lying layers of skin at 500 kHz [10] . If a dispersive electrode area of 150 cm 2 is considered and we simplify the usual rectangular shape of dispersive electrodes to a circular shape, this modeled electrode would have a diameter of 14 cm and from Equation (4) we estimate R c  6 Ω. The value of Z DE from these analytical calculations would thus be around 6 Ω.
Resistance Associated with the Body (ZB)
The value of Z B is difficult to estimate analytically since the body is highly heterogeneous from an electrical point of view. Some tissues have high conductivity (e.g. wellperfused organs) and are the favored paths of electrical currents, while others such as lung and fat tissues are poor conductors. Although Pearce [8] suggested a range between 20 and 60 Ω for Z B , no direct analytical calculations can be carried out. If we consider a mean Z B value of 40 Ω, total impedance (Z A +Z B +Z DE ) estimated analytically for a 4-mm 7 Fr electrode would be between 113 and 136 Ω, according to the quality of the electrode/tissue contact.
ESTIMATE FROM CLINICAL DATA
The real situation inside the tissues during RFCA is actually based on distributed elements. However, here we hypothesized that a lumped-element model comprising three resistors could explain some of the results reported in previous clinical studies. Numerous RFCA clinical studies on 4-mm (7 Fr) electrodes have reported impedance values around 100 Ω, e.g. 113±10 Ω in 45 patients [12] , 103.5±8.6 Ω in 76 patients [13] , 100±9 Ω in 29 patients [14] .
Our analytical estimate ranged from 113 to 136 Ω in terms of total impedance with a 4-mm 7 Fr electrode, which is somewhat higher than those measured clinically and is probably due to the 40 Ω Z B value we selected from a general electrosurgical procedure. We also think that it is probably lower in the case of RFCA. The following subsections attempt to estimate Z A and Z DE and, indirectly, the Z B values from previous results of clinical RFCA studies and to compare them with those obtained analytically.
Resistance Values Associated with the Tissue Around the Active Electrode (ZA)
The Z A values obtained from analytical estimates for the cases of very poor contact (electrode almost floating in cardiac chamber) and firm contact (electrode completely inserted into the cardiac wall) were of 67 Ω and 90 Ω respectively, i.e. a difference of 23 Ω. This value is closely in agreement with that found by Strickberger et al. [15] in a clinical study conducted on 25 patients using a 7 Fr catheter and 4 mm-long electrode. They found that impedance was 25±15 Ω higher when the catheter was firmly in contact rather than in poor contact with the right ventricle. This value also agrees with that found by Cao et al. [16] in an ex vivo experimental study in which the difference between a tip electrode inserted 6 mm into the endocardium (firm contact) and a depth of -4 mm (poor contact) at 500 kHz was around 30 Ω.
In a study on five patients, Wittkampf and Nakagawa [3] recently attempted to quantify the impedance associated with the tissue next to the active electrode Z A (which they called interface impedance) and the remainder impedance, which corresponds to Z B +Z DE in our model, which they termed rest of the patient. They introduced two 4-mm electrodes into the patient and then took three measurements: two from each electrode individually and a third from the two electrodes connected in parallel. Fig. (7A) shows an adaptation of the 3-resistor model to this case. By assuming that the Z A associated with each electrode (Z A-1 and Z A-2 ) was almost identical, they were able to estimate a value for Z A of 75 ±11 Ω, which coincides with the range proposed in our model (67-90 Ω). They were also able to estimate a value for the rest of the patients of Z B +Z DE = 47±11 Ω.
We also used clinical data from previous studies on electrodes of different lengths to check the validity of the Z A values estimated analytically, obviously assuming that the change in the active electrode surface affects only Z A though not Z B or Z DE . Rodriguez et al. [17] measured the initial impedances in 15 patients using a 4-mm electrode and in another 15 patients by an 8-mm electrode. They found the 4-mm gave 97±7 Ω and the 8-mm 72±4 Ω, i.e. a mean difference of 25 Ω. This closely agrees with our analytical estimate, which suggests a difference of between 21 and 28 Ω, according to the insertion depth of the active electrode. The difference in impedance found by Sacher et al. [18] with 4-mm -irrigated-electrodes (116±12 Ω) and 8-mm electrodes (92±15 Ω) is also inside this estimated range (24 Ω).
Jackman et al. [19] found an impedance value of 103±22 Ω for a 4-mm and 148±40 Ω for a 2.5-mm electrode, which gives a mean difference of 45 Ω. This value is higher than our analytical estimates (16-21 Ω), probably due to finer catheters being used on some patients (6 Fr instead of 7 Fr), which would give a higher impedance value than the estimate.
Values for the Resistance Associated with the Tissue Around the Dispersive Electrode (ZDE)
We estimated the value of Z DE to be around 6 Ω. Nath et al. [20] studied the effect of the area of the dispersive electrode on recorded total impedance in 20 patients by a 4-mm 7 Fr electrode with the dispersive electrode (139.5 cm 2 ) between the scapulae and a second electrode on the left thigh. This arrangement gave a significantly lower baseline impedance (95 ± 6 Ω vs. 101 ± 10 Ω) and allowed them to estimate a value for Z DE . The double dispersive electrode arrangement could be similar to the situation shown in Fig.  (7B) , in which the impedances associated with the tissue in contact with the dispersive electrodes are in parallel. In this case, the measured impedance would be:
The value of two identical impedances in parallel is equal to half of one of the values. Since Nath et al. [20] did not find any significant differences in the baseline impedance (101 ± 10 Ω vs. 101 ± 9 Ω) of the two electrode positions, we can assume that both Z DE are comparable. The value of Z DE would therefore be twice the difference between the cases, i.e. 2×(101-95 Ω) = 12 Ω. The same group [20] also found that the difference between the single and double dispersive electrode arrangement was more marked in the nine patients with > 100 Ω baseline impedance: 110 ± 6 Ω vs. 100 ± 4 Ω. With these results the estimated value of Z DE would be 2×(110-100 Ω) = 20 Ω.
Santoro et al. [21] conducted another clinical study on eleven patients with a 7 Fr-4 mm electrode to examine the effect of area (single vs. multiple dispersive electrodes) on measured impedance. They found that impedance was significantly lower for single patches placed on the anterior or posterior chest than for those placed on the lateral chest or buttock. They also found impedance to be significantly lower for combinations of two or more patches. By using the impedances measured with a single patch on the anterior (108±8 Ω) and posteromedial (107±8 Ω) chest measured with a double arrangement (99±8 Ω) we can estimate a new Z DE value of 2×(108-99 Ω) = 18 Ω.
As these Z DE values estimated from clinical data differ from the analytically estimated values (6 Ω), we consider it likely that R k can be highly influenced by the skin preparation procedure used.
Values for the Resistance Associated with the Body (ZB)
We first considered a range between 20 and 60 Ω for Z B, as suggested by Pearce [8] . No direct analytical calculations can be carried out for this value. After reviewing the mean values of total impedance reported in previous clinical studies using a 4-mm (7 Fr) electrode (around 100 Ω) we could estimate Z B as:
If we consider the impedance values reported in clinical studies between 100 [12] and 113 Ω [11] , then the estimated value of Z B would be approximately 110-75-20=15 Ω. Also, it is known that the value of total impedance in RFCA can be influenced by the body surface area [22] [23] [24] . We may also assume that body surface area (BSA) would affect only Z B and not Z A and Z DE , i.e. any change in total impedance (Z) will be caused by a change in Z B (Z B ). Borganelli et al. [22] found an increase of around 20 Ω (from 90 to 110 Ω) in patients with BSA between 1.5 and 2.5 m 2 . On the other hand for patients with a BSA < 1.5 m 2 Park et al. [23] found no correlation between Z and BSA, so that as patient size falls below 1.5 m 2 , impedance remains constant. We hypothesized that this constant would have a value of approximately the sum of Z A + Z DE +Z Bmin (see Fig. 8 ) .   Fig. (8) . Total impedance separated into its constituent parts in relation to body surface area.
COMPLETE MODEL AND PROPOSAL OF RESIS-TOR VALUES
The above data suggest that for an RFCA using a 4-mm 7 Fr electrode:
Z A could have a value around 75 Ω, similar to that obtained by Wittkampf and Nakagawa [15] , ranging from 67 to 90 Ω for cases of poor electrode/tissue contact, and completely surrounded by cardiac tissue, respectively.
1.
Z DE could have a value around 20 Ω. We consider that the analytically estimated value (6 Ω) is highly influenced by the skin preparation and is much lower than those obtained from clinical studies. 
CLINICAL IMPLICATIONS
A distributed element, such as previous theoretical models based on the Finite Element Method (FEM), assumes that tissue electrical conductivity is evenly distributed throughout the tissue. However, we propose here a lumped-element model which assumes that electrical conductivity is lumped into three resistors joined by perfectly conducting wires. In a distributed model each tissue fragment is considered to be infinitesimally small. As no wires are perfect conductors, this is really analogous to a transmission line model, since the electrical characteristic is provided as S/m (i.e. Siemens per length unit).
We are aware that the lumped model based on three resistors is clearly inaccurate when compared to an FEM model when studying, for instance, temperature distributions around the active electrode. In spite of this limitation we believe that the lumped-element model proposed here can explain some of the results found in past and future clinical studies and especially provide a simple tool to understand the concept of electrical impedance in RFCA. The following subsection addresses some of these issues.
Constant Current vs. Constant Voltage Ablation
We can first consider that the thermal effect on the tissue (lesion creation at the target) depends exclusively on the power dissipated in the cardiac tissue (Z A-tissue ), since the RF current passing through the body, the tissue beneath the dispersive electrode and circulating blood do not cause perceptible heating. The power transformed into heat in the target zone would thus be proportional to P A =I 2 Z A , where I is the total current flowing between active and dispersive electrodes. In this way, the proposed model clarifies some of the conclusions obtained in previous clinical studies in which different ways of delivering RF power were used (constant voltage and constant current). For instance, one such study reported on the effect of varying electrode dispersive area using constant power or constant current [21] . They found that lesion size was independent of the dispersive electrode area when a constant current was used and that higher power was necessary to achieve the same lesion size. These results can be perfectly explained by the proposed model; the increased area of the dispersive electrodes implies a decrease in Z DE , which only affects the power dissipated at this zone (I 2 Z DE ) but does not affect the lesion created, which depends on I 2 Z A . In addition, with constant current, the electrode dispersive area and the impedance associated with the body affect power requirements due to:
If we are using constant current,
and hence required total power is proportional to the impedances of each zone. The greater the dispersive electrode area the lower Z DE and hence power requirements are also lower.
On the other hand, ablation with constant voltage (V) means that the lesion size will be influenced by the dispersive electrode area, since the power transformed into heat in the target zone is proportional to the total current I, P A =I 2 Z A , and this current is inversely proportional to the sum of impedances, I. 
Bipolar Ablation of Ventricular Septum
Although RFCA employs electrical current in a monopolar mode (between an active electrode and a grounding pad), in order to increase lesion size investigators have recently proposed bipolar RF ablation by using a pair of electrodes located on each side of the ventricular septum [25] . For this case we can adjust the three-resistor model to mimic this situation in terms of electrical impedance.
The impedance associated with the tissue included in a 7 mm radius shell around the active electrode (which is approximately half the septum thickness of 15 mm) represents almost 90% of the total impedance associated with the active electrode given by Equation (2) . This means that in a bipolar RF ablation on a 15 mm thick septum we could assume a model of two resistors, such as that shown in Fig. (9) , in which each resistor (Z A-1 and Z A-2 ) corresponds to the impedance of the tissue around each electrode. The values for Z B and Z DE in this case are zero. By keeping in mind the role of Z A in the drop in impedance during heating (see Fig. 6 ) it is clear that in the case of a bipolar ablation of the septum the drop will be about twice that in a monopolar ablation, since both Z A-1 and Z A-2 contribute to the reduced impedance. This has been accurately observed in an in vitro study by comparing the impedance drop in the case of bipolar (32.5±14.5 Ω) and monopolar modes (15.8±5.8 Ω) [25] .
Finally, it should be pointed out that in general the values of the proposed model were obtained using dry electrodes. Other designs, such as irrigated (closed or open) electrodes could give different Z A values, but this does not invalidate the rationale of the three-resistor model.
Future work could compare the estimated values of the three resistors with those obtained from distributed element models such as Finite Element Models. Other clinical data could also be used to refine the range of the proposed values of the three impedances, or to particularize them to specific conditions.
CONCLUSIONS
